The heterotrimeric complex between integrin-linked kinase (ILK), PINCH, and parvin is an essential signaling platform, serving as a convergence point for integrin and growth-factor signaling and regulating cell adhesion, spreading, and migration. We report a 1.6-Å crystal structure of the ILK ankyrin repeat domain bound to the PINCH1 LIM1 domain, revealing the molecular basis of ILK-PINCH interactions and providing a structural description of this region of ILK. This structure identifies 5 ankyrin repeats in ILK, explains previous deletion mutagenesis data, permits identification of ILK and PINCH1 point mutations that disrupt the interaction, shows how zincs are coordinated by PINCH1 LIM1, and suggests that conformational flexibility and twisting between the 2 zinc fingers within the LIM1 domain may be important for ILK binding. These data provide an atomic-resolution description of a key interaction in the ILK-PINCH-parvin scaffolding complex.
The heterotrimeric complex between integrin-linked kinase (ILK), PINCH, and parvin is an essential signaling platform, serving as a convergence point for integrin and growth-factor signaling and regulating cell adhesion, spreading, and migration. We report a 1.6-Å crystal structure of the ILK ankyrin repeat domain bound to the PINCH1 LIM1 domain, revealing the molecular basis of ILK-PINCH interactions and providing a structural description of this region of ILK. This structure identifies 5 ankyrin repeats in ILK, explains previous deletion mutagenesis data, permits identification of ILK and PINCH1 point mutations that disrupt the interaction, shows how zincs are coordinated by PINCH1 LIM1, and suggests that conformational flexibility and twisting between the 2 zinc fingers within the LIM1 domain may be important for ILK binding. These data provide an atomic-resolution description of a key interaction in the ILK-PINCH-parvin scaffolding complex.
ankyrin repeat domain ͉ LIM domain ͉ IPP complex T he dynamic, spatially and temporally regulated assembly and disassembly of multiprotein complexes linking transmembrane integrin adhesion receptors to the actin cytoskeleton and intracellular signaling cascades is essential for the viability of multicellular animals. The integrin-linked kinase (ILK) was identified as an integrin ␤1 tail-binding protein (1) and localizes to sites of integrin-mediated cell adhesion in vitro and in vivo (2) (3) (4) . Genetic analyses show that ILK and its binding partners play key roles in linking integrins to actin, and cell biological and biochemical studies support the view that ILK-containing complexes act as signaling platforms that are likely to be points of convergence of growth factor-and integrin-mediated signaling pathways (2) (3) (4) . Here, we provide a structural description of ILK and show the molecular basis for its interaction with PINCH; an association critical to integrin-mediated cell adhesion, migration, spreading, and signaling.
Sequence analysis of ILK predicts an N-terminal ankyrin (ANK) repeat domain and a C-terminal protein kinase domain (Fig. 1A) . Although catalytic activity of the ILK kinase domain remains controversial (2, 3) , it is well accepted that ILK plays essential roles as an adaptor protein. Many of the downstream effects of integrins require the formation of a heterotrimeric complex between ILK, PINCH, and parvin (5, 6) . This IPP complex (2) serves as a hub in integrin-actin and integrinsignaling networks (4) , and in mammalian systems IPP complex formation precedes and is required for its correct targeting to adhesions (7) . In addition, IPP complex formation protects its components from proteasomal degradation (8, 9) .
As observed for ILK, PINCH is essential for normal integrinmediated cell adhesion (2, 9, 10). There are 2 PINCH genes in mammals encoding closely related proteins, PINCH1 and PINCH2. PINCH1 is widely expressed throughout development, and PINCH1 Ϫ/Ϫ mice die at the periimplantation stage, somewhat later than ILK or ␤1 integrin mutants, with defects in cell-matrix adhesions, cell polarity, and cell survival (10) . PINCH2 has a more restricted expression, and, possibly because of compensation by up-regulated PINCH1, PINCH2 Ϫ/Ϫ mice exhibit no overt phenotype (9) . The domain structure of all PINCH family members consists of 5 LIM domains (Fig. 1 A) . LIM domains are composed of 2 zinc fingers and have been shown to be important for multiple protein-protein interactions (11) . Solution structures for 4 isolated PINCH LIM domains have been determined, [LIM1 (1G47) (12) , LIM2 (2D8X), LIM3 (2COR), and LIM4 (1NYP and 1U5S) (13, 14) ], but no crystal structures are available. The ILK-PINCH interaction is mediated by ILK ANK repeat domain binding to PINCH LIM1 (5, 9, 12) . This interaction is sufficient to protect ILK and PINCH from degradation and is required for correct IPP targeting to adhesions and regulation of cell spreading and migration (2, 9, 15) .
Despite the critical importance of ILK-PINCH interactions in cytoskeletal organization and adhesion signaling the structural basis for their interaction has not previously been described. Here, we report the crystal structure of the ILK ANK repeat domain bound to PINCH1 LIM1 domain. This high-resolution structure reveals the molecular basis for the interaction between PINCH and ILK and provides a structural description of this region of ILK.
Results and Discussion
Overall Structure. To investigate the ILK-PINCH1 complex, the N-terminal 192 aa of human ILK, containing the predicted ANK repeats, and the LIM1 domain of human PINCH1 (amino acids 6-68) were expressed separately in Escherichia coli. Cells were mixed before lysis, and the ILK-PINCH1 complex was purified by tandem affinity tag purification, first by using the His tag on PINCH1 LIM1 and then the GST tag on ILK . Thrombin digestion removed both tags and C-terminal clipping produced a fragment spanning ILK . The ILK 1-174 /PINCH1 6-68 complex remained intact through further rounds of ion-exchange and size-exclusion chromatography. The crystal structure of the complex was determined at 1.6-Å resolution (Fig. 1 , supporting information (SI) Table S1 and Fig. S1 ). The final model includes residues 2-170 of ILK and 6-68 of PINCH1 fused to 9 N-terminal vectorderived residues (Fig. 1B) . The structure shows a stoichiometric interaction between the 2 proteins and reveals that ILK contains 5 ANK repeats and that ANK repeats 2-5 all mediate an interaction with the PINCH1 LIM1 domain. The crystallized PINCH1 LIM1 domain is conformationally distinct from the previously solved NMR structure of PINCH1 LIM1 (12) , with an intersubdomain twist of Ϸ65°occurring upon binding to ILK. The crystal structure reveals the molecular basis of the ILK-PINCH interaction. in the original sequence-based assignment of 4 ANK repeats (ANK2-ANK5) (1). The consensus ANK repeat motif is a 33-aa repeat that folds into a hairpin-helix-turn-helix structure ( Fig. 2A ) (16) . Two antiparallel ␣-helices from each repeat pack against one another, and the ␤-hairpin that links each pair of helices is oriented perpendicular to the helices to form a characteristic cross-sectional ''L'' shape. Within ANK repeat domains, adjacent repeats stack on top of one another such that the helices form helical bundles. The stacked repeats form a curved left-handed superhelical spiral (17) . The interior surface of the spiral is concave and forms the ''ankyrin groove,'' a feature that has been likened to a cupped hand, with the helices as the palm and the ␤-hairpins as fingers (16) . This concave surface provides an ideal recognition site for intermolecular interactions (16, 17) and is the location of ILK interaction with PINCH.
In ILK, each ANK repeat contains 2 antiparallel helices that pack against one another and are separated by a short loop. In ANK repeats 2-5 (ANK2-ANK5), the first helix is preceded by a characteristic hairpin loop, termed the ''finger'' loop, the first repeat, ANK1, does not include this hairpin loop. In the classical description of ANK repeat proteins, this loop forms the ␤-hairpin of the hairpin-helix-turn-helix structure; however, not all ANK repeat proteins display the ␤-hairpin hydrogen-bonding pattern (17) . In ILK, the ␤-hairpin hydrogen-bonding pattern is lacking, and the loops form type I ␤-turns.
The ILK ANK repeat domain is most similar to designed ANK repeat structures (SI Text). Comparison of the ANK repeats of ILK shows that there is good alignment between repeats ANK1 to Table S2 .
ANK4 with RMSD Ͻ1.1 Å for C␣ atoms (SI Text). ANK1 contains a 1-residue insertion C-terminal to the outer helix (Fig. 2 A) . This insertion of a well-conserved surface exposed glutamic acid, Glu 24 , results in a bulge of the ANK1 repeat (Fig. 2B ). ANK5 is more divergent from ANK1-ANK4; the inner helix is a 3 10 rather than an ␣-helix and the outer helix is 1 turn longer than those usually observed in ANK repeats (SI Text).
Structure of the LIM1 Domain of PINCH1. LIM domains are Ϸ55-aa tandem zinc finger domains containing 2 type VII treble clef zinc fingers (nomenclature abcdA) (11, 18) connected by a 2-residue f lexible linker, with a consensus sequence of CX 2 CX 16-23HX 2 CX 2 CX 2 CX 16-21 CX 2 (C/H/D) (11) . The architecture of the LIM1 domain of PINCH1 is broadly similar to previously solved LIM domains but varies somewhat from that of canonical treble clef motifs. Briefly, these differences include the lack of the treble clef ␤-sheet ab, 3 10 -helix propensity for the N-terminal zinc finger subdomain and a short 3 10 Table S2 ). These interactions form CCHC and CCCD zinc-binding modules. In contrast to the published solution structure of free PINCH1 LIM1 (12) but similar to the crystallographic studies for LMO4 (20) , the C-terminal subdomain binds zinc with a CCCD module, not a CCCH module (Fig.  S1 ). His 61 of the previously described CCCH module is extended away from the zinc-binding site and forms a salt bridge with Glu 98 of the ILK ANK4 repeat. We cannot exclude the possibility that the altered zinc coordination is due to ILK binding but favor the interpretation that the second zinc finger of PINCH1 LIM1 normally binds via a CCCD module.
Interaction Between ILK and PINCH. PINCH1 LIM1 is cradled in the highly conserved concave ANK groove of ILK and nestles between the fingers and palm of the ANK repeat structure (Figs. 3D and 4) . The zinc-binding sites of PINCH1 LIM1 are on the same face and approximate to the ILK-binding site. For ILK, binding is mediated by ANK repeats 2-5, with ANK4 providing the most significant contributions. For PINCH1 LIM1, both zinc fingers interact with ILK. However, consistent with previous deletion mutagenesis and NMR analyses (12, 21) , the C-terminal zinc finger is the primary mediator of the interaction. The interaction buries 895 Å 2 in ILK and 998 Å 2 in PINCH1 to give an average interface surface area of 947 Å 2 . A total of 20 residues from ILK and 19 from PINCH1 LIM1 directly interact, forming 13 intermolecular H bonds and 148 intermolecular nonbonded contacts to make an interface with both hydrophobic and polar interactions (22) (Fig. 3) (Figs. 4 and 5) .
ANK4 is the repeat most intrinsic to the ILK-PINCH1 interaction (Figs. 4 and 5 13 , a zinc-coordinating residue in the C-terminal PINCH1 zinc finger. Lys 141 falls between the inner and outer ANK5 helices and is outside of the ILK ankyrin groove. Role of ANK1. ANK1 does not interact directly with the LIM1 domain of PINCH1; however, mutagenesis data suggest that residues in ANK1 play a role in the interaction with PINCH (7). The location of the C terminus of the PINCH1 LIM1 domain in this crystal structure, combined with the conservation of ILK in this region (Fig. 3D) (Fig. 5) . All of these residues, except Arg 56 , are in close proximity to the zinc-binding sites, indeed, Asp 62 is a zinc-coordinating residue, and His 61 is directly proximal to the zinc-binding site and was previously thought to be a zinc-coordinating residue (12) . Mutagenesis studies. To investigate the functional role of significant residues in the ILK-PINCH1 interface and to understand the role of the N-and C-terminal zinc fingers of PINCH1 LIM1, we generated point mutations in the ILK ANK repeat and PINCH1 LIM1 domains and analyzed binding of the purified proteins. First, structural analysis of the ILK-PINCH1 complex shows that the largest surface area buried for an individual residue in the interface is for Phe 42 of PINCH1 (Fig. 3B) . Introduction of a F 42 A point mutation resulted in a near complete loss of ILK binding (Fig. 5C) , suggesting that Phe 42 is central to the stability of the complex. The importance of the hydrophobic interaction between ILK and PINCH1 LIM1 is confirmed by a L 66 D mutation, which also significantly reduces ILK binding. Second, an interesting feature of the interaction is the presence of 2 salt bridges formed between residues of the ANK4 hairpin and the helix AЈ of PINCH1. To investigate whether these ion pairs play significant roles in stabilization of the complex, we introduced both charge reversal and removal mutations. We mutated the salt bridges between ILK His 99 and PINCH1 Asp 62 and between Glu 98 of ILK and His 61 of PINCH1. Both charge reversal by ILK H 99 D, a mutation that likely leads to repulsion of Asp 62 in PINCH1, and charge removal by PINCH1 D 62 A, a mutation that may result in both ablation of the salt bridge and altered zinc binding for the C-terminal zinc finger, reduce overall binding by Ϸ75% (Fig. 5C) . Although charge removal of the second salt bridge between Glu 98 of ILK and His 61 of PINCH1 by mutation E 98 A does not significantly alter the observed binding, charge reversal by the H 61 D mutation results in Ϸ50% reduced binding. These salt bridges are proximal to the zinc-binding site for the C-terminal PINCH1 LIM1 zinc finger and suggest an important structural role for zinc in the interface between ILK and PINCH1. Finally, to investigate the importance of the interaction between the N-terminal zinc finger of LIM1 and ILK, we introduced point mutation R 12 A. Arg 12 is extended toward ILK ANK4; it H-bonds to the backbone carbonyl of Phe 109 , and forms a cation-stack with this residue. Loss of the ability to form these interactions does not deleteriously alter ILK-PINCH1 binding (Fig. 5C ). These results confirm that the interaction between ILK and PINCH1 LIM1 is primarily mediated by the C-terminal zinc finger of PINCH1 LIM1. Potential for PINCH2 binding to ILK. PINCH1 and PINCH2 share 85% sequence identity and both bind ILK (23) . PINCH1 is more widely expressed than PINCH2, but both proteins have overlapping functions and can compete for binding to ILK, and PINCH2 expression can partially rescue some cellular phenotypes associated with loss of PINCH1 (8, 9, 23) . Mapping the nonidentical residues to the surface of PINCH1 shows that only 2 residues that constitute part of the PINCH ILK-binding site differ between PINCH1 and PINCH2; the residues in the same position as Gly 15 and Gln 43 in PINCH1 are Ala and Arg in PINCH2 (Fig. S3 ). These differences occur on the periphery of the interface, suggesting that PINCH2 LIM1 and PINCH1 LIM1 bind ILK in a similar way.
Twisting of PINCH1 LIM1 upon Association with ILK. The individual LIM domain zinc fingers are structurally well conserved between the crystal and NMR structures; however, because of changes in the orientation of the zinc fingers with respect to one another, RMSD comparisons over the whole LIM domains show higher divergence (SI Text). In a number of published LIM domain NMR structures, the tandem zinc finger architecture of the LIM domain allows significant conformational flexibility (13, 24, 25) . This rotation of LIM subdomains around an effective hinge in the linker can be large and can vary in solution (24) , suggesting that the LIM architecture has evolved to easily alter the orientation of both subdomains to one another. The role of this flexibility has not been demonstrated. Analysis of the crystal structure of PINCH1 LIM1 in complex with ILK shows a significant ''twist'' when compared with the previously solved NMR structure of unbound PINCH1 LIM1 (12) . Inspection of the difference between the NMR and crystal structures shows this twist between structures to be Ϸ65°[DYNDOM (26) ]. This large movement results from an effective hinge axis around residues Phe 36 and Val 37 allowing the two zinc fingers to orient in relation to one another (Fig. S4) and may contribute to the ability of LIM1 to make intermolecular interactions.
Comparison of ILK-PINCH binding with Other Protein Complexes. ANK domain interactions. Previously described intermolecular interactions of ANK repeat proteins show that the primary mediator of these interactions is the concave surface situated between the fingers and palm of the ''ankyrin groove'' (16, 17) . The interaction between ILK and PINCH provides a classic example of molecular utilization of this architecture-the interaction with PINCH is almost entirely mediated by a contiguous surface in the ankyrin groove. LIM domain interactions. There are currently 3 crystal structures of LIM domains: the tandem LIM1 and LIM2 of LMO in complex with Ldb1 (20, 27) and the crystal structure of LIM3 of TES in complex with Mena (28) . The interaction between PINCH and ILK occurs on the zinc knuckle side of the PINCH LIM1 domain; this is a comparable intermolecular interface with that seen in TES for the TES-Mena complex (Fig. S5) . The PINCH interface with ILK extends slightly more C-terminal on LIM1 than the TES-Mena interface does on TES, and the orientations of bound ILK and Mena are also slightly rotated compared with the LIM domain. The similarity of the PINCH-ILK interaction to that of TES with Mena is in sharp contrast to the interaction between LMO4 and Lbd1, an association that occurs on the opposite face of the LMO4 LIM domains and forms an extended ␤-zipper. Potential PINCH intermolecular binding site. The crystal structure of PINCH in complex with ILK reveals a structural feature that may suggest a protein-protein interface for PINCH. The crystallized PINCH construct included 9 N-terminal residues, SENLYFQGS, which mediate one of the primary crystal lattice interactions and are likely to be critical to formation of the crystals (Fig. S6) . Interestingly, the vector sequence also forms an antiparallel ␤-sheet (strand Ϫz in Fig. 1B) with the cd ␤-sheet of the N-terminal LIM1 zinc finger. For LMO4 bound to Lbd1 (20) , the N-terminal zinc fingers of both the LIM1 and LIM2 domains of LMO4 are critical to the ␤-zipper interface with Lbd1. Comparison of the crystal packing interaction found in the ILK-PINCH crystal with the LMO4-Lbd1 ␤-zipper interface reveals that the topologies of these interfaces are very similar (Fig. S7) . Furthermore, the residues in PINCH that form a ␤-sheet with the vector sequence, Ile 23 
Summary
The IPP complex plays essential scaffolding roles transducing signals among integrins, growth factors, and the cytoskeleton, thus regulating cell morphology and behavior. The IPP complex is considered a promising target for cancer therapies, and genetic analyses confirm the importance of its components (2, 3). However, until now, relatively little was known about the structural basis of IPP complex formation. Our crystal structure of the ILK-PINCH complex provides an atomic-resolution description of part of the IPP complex, reveals the presence of 5 ANK repeats in ILK, explains previous deletion mutagenesis data, permits identification of point mutations in ILK and PINCH1 that disrupt the interaction, shows how zinc is coordinated by the PINCH1 LIM1 domain, and suggests that conformational flexibility of the LIM1 domain is likely to be important for binding to ligands. This provides key information for future analysis of the in vivo functions of the IPP complex.
Materials and Methods
Protein Complex Production and Purification. Recombinant GST-tagged human ILK and His-tagged PINCH1 were produced in E. coli, the complex was purified by tandem affinity tag purification, and the tags were removed with thrombin as described in SI Text. Mass spectrometry and N-terminal sequencing revealed internal thrombin proteolysis of ILK to generate a fragment spanning ILK . The cleaved complex was further purified by ion-exchange chromatography and concentrated to 13.5 mg/ml (SI Text).
Crystallography. Crystals grew in 20% PEG 3350, 0.2 M sodium formate, were cryoprotected in 35% PEG 3350, 0.2 M sodium formate, 0.5 M sodium iodide, and flash frozen in a stream of nitrogen vapor at 100 K. X-ray data were collected on the home source and the structure solved by molecular replacement (SI Text).
Data collection and refinement statistics are shown in Table S1 . Structure analyses were conducted primarily by using the CCP4 suite (19) .
Binding Assays. PINCH 6-68 mutants were expressed as described for wild-type PINCH. Cells were lysed as described above, and the His-tagged PINCH constructs were bound to His-bind resin. PINCH-coated resin was washed with 50 mM sodium phosphate, 20 mM imidazole, and 300 mM NaCl (pH 8.0). ILK mutants were expressed and lysed as described above, purified on glutathione Sepharose beads, washed, and cleaved from the beads with thrombin. PINCH-coated resin was incubated with the cleaved ILK constructs in 500 mL of lysis buffer for 1 h at 23°C with constant rocking. The resin was washed with 50 mM sodium phosphate, 5 mM imidazole, and 300 mM NaCl (pH 8.0). Bound protein was eluted with SDS/PAGE sample buffer containing 2-mercaptoethanol and analyzed by SDS/PAGE.
